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1.  Introduction 

A  new  method  of  experimental  study  of  late  nonlinear  stages  of  laminar-turbulent 
transition  is  developed  and  applied  for  the  case  of  a  self-similar  boundary  layer  with  an 
adverse  pressure  gradient  (APG).  The  paper  concentrates  on  mechanisms  of  formation  and 
development  of  coherent  vortical  structures  and  on  comparison  of  their  properties  with  those 
found  earlier  in  the  non-gradient  (Blasius)  boundary  layer.  Previous  detailed  experimental 
studies  of  nonlinear  stages  of  transition  in  the  APG  case  are  restricted  either  by  weakly- 
nonlinear  stages  [1-3]  or  by  investigation  of  properties  of  turbulent  spots  excited  “directly”  by 
a  strong  pulse-like  injections  of  air  [4].  The  present  experiments  were  performed  under 
controlled  disturbance  conditions.  The  formation  of  vortical  structures  is  examined  in  the 
transition  process  initiated  by  a  harmonic  primary  TS-wave,  which  initially  is  close  to  two- 
dimensional  with  a  3D  admixture.  In  the  case  of  the  Blasius  flow,  these  initial  conditions 
correspond  to  the  well-known  K-regime  of  transition.  The  TS-wave  was  excited  by  a  universal 
disturbance  source  developed  in  previous  studies  [5]  and  applied,  for  the  first  time,  to 
investigation  of  late  stages  of  the  APG  boundary-layer  transition. 

There  are  several  kinds  of  coherent  structures  found  in  previous  investigations  in  a 
transitional  Blasius  boundary  layer  (see  [6]  for  review).  Spikes,  A-vortices,  3D  high-shear 
layers,  and  ring-like  vortices  are  among  them.  These  structures  were  observed  in  experimental 
and  numerical  (DNS)  investigations.  Very  similar  flow  patterns  were  also  found  in  other 
transitional  near-wall  shear  flows,  such  as  the  plane  channel  flow  and  the  pipe  flow,  and  also 
in  the  developed  wall  turbulence.  Based  on  these  observations,  it  was  suggested  in  [6]  that 
these  structures  are  very  universal  and  represent  an  inherent  feature  of  the  process  of 
turbulence  production  in  all  near-wall  flows  in  both  transitional  and  turbulent  regimes. 
Moreover,  the  mechanism  of  formation  and  interaction  of  these  structures  can  be  regarded  as  a 
universal  mechanism  of  turbulence  production.  The  main  goal  of  the  present  study  is  to  check 
this  idea  for  the  case  of  the  APG  boundary-layer  transition,  whose  late  stages  have  never  been 
studied  experimentally  despite  the  great  practical  importance  of  this  case.  The  only  currently 
available  study  was  performed  numerically  in  [7]  for  a  rather  large  APG  (which  is  difficult  to 
examine  in  the  wind  tunnel). 

2.  Basic  Flow  and  Experimental  Procedure 

The  experiment  was  conducted  in  the  low-turbulence  subsonic  wind  tunnel  T-324  of  the 
ITAM  at  the  free-stream  velocity  UQ  ~  9.0  m/s.  The  wind  tunnel  has  a  4  m  long  test  section 
with  a  1  m  x  1  m  cross-section.  The  free-stream  turbulence  level  was  below  0.02%  in  the 
frequency  range  above  1  Hz.  The  experimental  setup  (Fig.  1)  was  very  similar  to  that  used  in 
[2,  3].  The  boundary  layer  under  investigation  developed  on  a  flat  plate,  which  had  a  chord 
length  of  1.49  m,  a  span  of  0.99  m.  The  APG  was  induced  over  the  plate  by  an  adaptive  wall- 
bump  mounted  on  the  test-section  ceiling.  The  bump  and  the  flap  were  adjusted  in  a  way  to 
have  over  the  plate  a  streamwise  APG,  which  would  correspond  to  a  fixed  Hartree  parameter 
Ph  =  -0.1 15.  As  shown  in  [8,  9],  the  basic  flow  structure  both  outside  and  inside  the  boundary 
layer  is  in  a  very  good  agreement  with  the  theoretical  one  calculated  by  B.V.  Smorodsky  for 
this  value  of  pH.  This  fact  is  illustrated  by  the  streamwise  mean-velocity  distribution  measured 
outside  the  boundary  layer  at  a  distance  y  =  10  mm  from  the  wall  shown  in  Fig.  2.  It  is  seen 
that  the  distribution  agrees  very  well  with  that  measured  in  [6]  and  calculated  for  Ph  =  -0. 1 15. 
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Fig.  1.  Sketch  of  experimental  setup.  Fig.  2.  Streamwise  distributions  of  potential  flow  velocity. 

The  experiments  were  conducted  at  controlled  disturbance  conditions.  The  laminar- 
turbulent  transition  process  was  initiated  by  a  harmonic  (in  time)  primary  TS-wave.  The  wave 
was  excited  by  a  universal  disturbance  source  (see  [5])  by  means  of  weak  blowing/suction  air 
fluctuations  through  a  plate-surface  slit,  which  was  perpendicular  to  the  flow  direction.  The 
slit  had  a  width  of  0.8  mm  and  length  of  164  mm.  A  block  of  82  copper  tubes  (of  2  mm  in 
diameter)  was  located  on  the  bottom  of  the  slit.  The  source  was  able  to  excite  both  2D  and  3D 
TS-waves  with  almost  any  desirable  spanwise-wavenumber  spectrum.  Each  tube  was 
connected  with  a  flexible  plastic  pipe  to  one  of  eight  loudspeakers.  The  source  was  mounted  at 
a  distance  x  =  300  mm.  The  loudspeakers’  input  electric  signals  were  generated  by  an 
electronic  unit  VS-II,  which  had  eight  channels  and  was  controlled  by  a  computer.  The  signals 
were  formed  by  a  computer  program,  downloaded  into  RAM  of  unit  VS-II,  and  played  back  at 
rate  controlled  by  an  external  clock.  A  reference  signal  had  a  frequency  of  repetition  of  the 
recorded  realization  and  was  used  for  the  data  acquisition  system,  in  particular  for  the 
ensemble  averaging  of  the  hot-wire  signals,  which  were  linearized  and  introduced  into  an 
Apple  computer  via  an  A/D  converter. 

The  main  measurements  were  started  at  the  ‘initial’  position  x  =  x\  =  350  mm  where  UQ  = 
8.8  m/s,  the  local  Reynolds  number  Re  =  UQ8 i/v  =  813,  the  boundary  layer  displacement 
thickness  5i(xi)  =  1.412  mm,  and  the  air  kinematic  viscosity  v  =  1 .528 10“5  m2/s.  The  excited 
primary  (fundamental)  TS-wave  had  frequency  fx  =  109.1  Hz.  At  the  initial  position  this 
frequency  corresponds  to  the  frequency  parameter  F  =  2nfv/UQ2'\06  =  135.2.  The  wave  was 
initially  close  to  two-dimensional  with  a  controlled  primary  3D  distortion  discussed  below. 

The  main  measurements  were  conducted  in  the  streamwise  coordinate  range  x  =  350  to 
470  mm.  The  most  detailed  observations  were  performed  in  (y,z)-planes  at  five  streamwise 
locations:  x  =  350,  400,  440,  449,  and  461  mm  (with  UQ(x)  =  8.87,  8.80,  8.75,  8.74,  and  8.73 
m/s  respectively),  where  five  sets  of  wall-normal  profiles  were  measured  with  spanwise  steps 
from  6  to  0.7  mm  and  wall-normal  steps  from  0.05  to  1  mm.  In  every  spatial  point  four  mean 
values  related  to  the  streamwise  flow  velocity  were  recorded:  (z)  the  mean  velocity,  (z'z)  the  rms 
amplitude  of  total  velocity  fluctuations,  (z'z'z)  the  amplitude,  and  (z'v)  phase  of  the  fundamental 
wave.  The  latter  two  values  were  obtained  by  Fourier  analysis  of  the  hot-wire  time-series 
performed  after  their  ensemble  averaging  for  10  to  20  signal  realizations.  Each  realization 
consisted  of  5  fundamental  periods.  In  addition,  the  ensemble-averaged  time-traces  were  also 
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Fig.  3.  Initial  spanwise  distributions  of  mean  velocity  and  disturbance  amplitudes  and  phases,  x  =  350  mm. 
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Fig.  4.  ^-profiles  of  mean  velocity  ( a ),  disturbance  amplitudes  (b),  and  phases  (c)  at  initial  position,  x  =  350  mm. 

recorded  in  every  spatial  point.  These  records  were  used  for  reconstruction  of  instantaneous 
velocity  and  vorticity  fields  and  for  subsequent  ‘visualization’  of  vortical  flow  structures, 
investigation  of  which  represents  the  main  goal  of  the  present  study. 

3.  Initial  Perturbations 

The  initial  disturbance  conditions  are  illustrated  in  Figs.  3  and  4  for  x  =350  mm.  The 
spanwise  distributions  of  the  fundamental-wave  amplitude  and  phase  shown  in  Fig.  3  were 
measured  at  a  distance  to  the  wally  =1.14  mm  (y/8 1  =  0.792,  U/Ue  =  0.425)  that  was  close  to 
the  TS-wave  amplitude  maximum  in  y-profiles  (Fig.  4b).  The  spanwise  modulation  was 
arranged  in  a  way  to  have  somewhat  higher  amplitude  and  somewhat  lower  phase  ‘peak’ 
position  (z  =  0)  compared  to  those  measured  at  the  ‘valley’  position  (z  =  18.5  mm).  This 
relatively  weak  modulation  provoked  further  downstream  formation  of  structures  with  their 
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Fig.  5.  Formation  of  structures  in  APG  flow. 


Velocity  disturbance.  y=  1  mm. 


centers  located  in  the  peak  position  (see  below). 

At  the  initial  streamwise  position  the 
shape  of  velocity  time-traces  is  almost  perfectly 
sinusoidal,  therefore  the  fundamental-wave 
amplitude  coincides  completely  with  the  total 
(in  spectrum)  disturbance  intensity  (Fig.  3a). 
The  mean  velocity  distribution  (Fig.  3b)  does 
not  display  any  significant  basic  flow  distortion 
at  this  initial  stage.  The  same  thing  is  observed 
for  other  y-coordinates  in  two  “initial”  mean- 
velocity  profiles  measured  at  peak  and  valley 
positions  (Fig.  4a).  The  fundamental-wave 
amplitude  (Fig.  4b)  and  phase  (Fig.  4c)  profiles 
are  qualitatively  similar  at  these  positions  and 
have  shapes  quite  typical  for  2D  TS-waves. 

In  case  of  Blasius  boundary  layer  the 
initial  disturbance  conditions  similar  to  those 
described  above  lead  usually  to  the  well-known 
K-regime  of  transition. 

4.  Formation  of  A-Structures 

The  process  of  formation  of  vortical 
structures  is  very  well  seen  in  Fig.  5,  which 
shows  contours  of  the  instantaneous  streamwise 
velocity  disturbance  u  in  (-/,  z)-plane  measured 
at  five  streamwise  positions  at  a  fixed  distance 
from  the  wall  y  =  1.0  mm.  Note,  that  the  -/-axis 
can  be  regarded,  in  a  certain  sense,  as  the 
streamwise  coordinate  (under  assumption  that 
the  structures  are  frozen  within  one  fundamen- 
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vorticity  (black)  and  streamwise  velocity  disturbance  (gray)  in  (x  A,  z) -space.  x  =  449  (a)  and  450  (b)  mm 

tal  period).  The  initially  quasi-2D  fronts  of  the  TS-wave  are  distorted  due  to  nonlinear 
interactions  and  form  structures  at  x  =  440  mm,  which  resemble  very  much  famous  A- 
structures  previously  observed  in  the  Blasius  flow.  Further  downstream  their  shape  changes 
very  little  showing  mainly  stretching  of  the  structures  in  the  streamwise  direction. 

The  real  3D  shape  of  the  structure  observed  at  one-spike  stage  (x  =  449  mm)  is  seen  in 
Fig.  6a  in  (x',y,z)-space,  were  x'  =  -tUe.  The  replacement  of  time  axis  by  coordinate  x'  is  made 
in  order  to  provide  a  comparability  of  the  present  data  with  those  obtained  in  [10]  for  Blasius 
basic  flow  and  to  have  the  possibility  to  estimate  some  angular  characteristics  of  the  structures. 
There  are  two  iso-surfaces  shown  in_  Fig.  6a:  (z)  the  surface  of  constant  (very  small) 
instantaneous  total  spanwise  vorticity  Qz  =  QZ  +  coz  =  dU/dy  +  du/dy  and  (zz)  the  surface  of 
constant  (very  low)  instantaneous  streamwise  velocity  disturbance  u.  As  was  found  in  previous 
experimental  and  numerical  study  [10]  performed  in  the  Blasius  basic  flow,  the  total  spanwise 
vorticity  has  the  lowest  values  Jmside  the  boundary  layer)  in  centers  of  the  A- vortex  Tegs’. 
Thus,  low-level  iso-surface  of  Qz  visualizes  the  A-vortex  itself.  Indeed,  in  the  present  APG 
boundary-layer  case  the  shape  of  the  corresponding  iso-surface  resemble  Greek  letter  A  very 
much  The  low-level  iso-surface  of  u  shows  the  region  of  the  low-speed  fluid,  which  has  been 
displaced  upward  by  an  intensive  rotation  in  the  A-vortex  Tegs’.  This  pattern  also  has  the 
shape  of  A  but  it  is  positioned  farther  from  the  wall.  The  3D  high-shear  layer  is  located  even 
higher,  on  the  top  of  this  low-speed  region  (not  shown  in  Fig.  6a).  This  layer  separates  the 
“original”  high-speed  fluid  from  the  low-speed  one  “injected”  upward  by  the  A-vortex. 

Very  similar  structures  are  observed  in  the  Blasius  flow  transition.  This  fact  is  illustrated 
in  Fig.  6b  obtained  by  means  of  a  post-processing  of  the  experimental  data  [10]  (for  f\  =  81.4 
Hz  and  UQ  =  9. 18  m/s).  Indeed,  the  shapes  of  both  iso-surfaces  are  almost  the  same  as  in  the 
APG  case  and,  again,  these  are  A-shapes.  The  relative  positioning  of  the  structures  in  space  is 
also  qualitatively  similar  and  the  angle  of  inclination  of  the  APG  A-vortex  with  respect  to  the 
wall  is  the  same.  However,  the  angle  between  two  A-vortex  Tegs’  is  larger  by  8%  compared  to 
the  Blasius  case  and  the  angle  of  inclination  of  the  high-shear  layer  to  the  wall  is  greater  by 
15%.  The  former  difference  can  be  explained  by  a  weaker  stretching  the  A-vortex  (due  to 
lower  mean-velocity  gradient),  the  latter  —  by  its  more  intensive  rotation  (due  to  stronger 
linear  instability). 

5.  Spikes  and  Ring-Like  Vortices 

Different  stages  of  development  of  the  A-structures  are  clearly  illustrated  in  Fig.  7,  which 
presents  contours  of  a  kind  of  projection  onto  the  wall  of  the  low  disturbance  velocity.  To 
make  this  projection,  the  minimum  values  of  u  have  been  chosen  in  every  y-profile  measured  at 
every  time  moment  and  spanwise  location.  This  kind  of  projection  shows  the  shape  of  the 
structures  in  (-£z)-plane;  this  is  the  A-shape.  The  structures  in  this  presentation  look,  again, 
very  similar  to  those  detected  in  experiment  and  DNS  [10]  by  means  of  the  same  projection 
(not  shown).  They  become  rather  developed  at  x  =  440  mm  (Fig.  7)  and  then  conserve 
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x=350  mm 


approximately  their  shape  displaying  a  stretching  in  the 
streamwise  (-t)  direction.  At  late  stage  (x  =  461  mm) 
the  formation  of  a  localized  region  of  low  instantaneous 
velocity  is  observed  ahead  the  A-structure  tip  in  a 
qualitative  agreement  with  the  Blasius  case  studied  in 
[10]  (not  shown).  Figs.  8  and  9  show  the  shape  of  these 
late-stage  structures  in  more  detail. 

A  cross-section  of  the  instantaneous  streamwise 
velocity  filed  by  a  vertical  plane  (-t,y)  in  the  peak 
position  (z  =  0)  is  presented  in  Fig.  8 a  for  the  APG  case 
for  x  =  461  mm.  The  region  of  the  low-speed  fluid, 
located  under  the  3D  high-shear  layer,  is  seen  very 
well.  Ahead  this  region  an  isolated  (rather  small)  low- 
speed  spot  is  observed.  Between  these  two  regions  a 
formation  of  the  second  small  low-speed  spot  is  also 
visible.  This  picture  is  again  very  similar  to  that 
obtained  in  the  Blasius  boundary-layer  transition  in 
[10]  and  presented  in  Fig.  8 b  (for  a  bit  later  stage  of 
development).  The  x -scale  of  the  localized  low-speed 
spots  is  practically  the  same  in  both  cases. 

The  generation  of  spikes  on  time-traces  is  also 
observed  in  the  APG  boundary-layer  transition  in  the 
vicinity  of  the  peak  position,  similar  to  the  Blasius  case.  Picture  presented  in  Fig.  8 a  cor¬ 
responds  approximately  to  two-spike  stage ,  while  that  shown  in  Fig.  8 b  —  three-spike  stage. 
The  formation  of  spikes  in  the  APG  case  is  illustrated  in  Figs.  9  where  the  time-traces  u(t)  are 
shown  for  five  subsequent  streamwise  positions  presented  in  Figs.  5  and  7.  The  sinusoidal, 
initially,  shape  transforms  gradually  into  that  with  very  sharp  and  intensive  negative  velocity 
fluctuations  (the  spikes),  which  number  on  every  fundamental  period  increases  downstream. 
At  late  stage  (x  =  461  mm)  the  spikes  correspond  to  the  localized  regions  of  low  instantaneous 
velocity  displayed  in  Fig.  8 a.  In  both  cases  (the  APG  and  Blasius  boundary  layers)  the  amount 
of  spikes  observed  at  multi-spike  stage  depends,  however,  on  distance  from  the  wall.  For 
example,  in  the  case  presented  in  Fig.  8 a,  there  is  only  one  spike  at  y  =  4.0  mm,  two  spikes  at 
y  -  3.7  mm,  and  two  and  a  half  spikes  at  y  =  3.4  mm  (Fig.  9,  x  =  461  mm). 
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Fig.  7.  A-structures  in  APG  flow.  Velocity 
disturbance  minima  in  y-profiles. 
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Fig.  8.  Cuts  of  A-structures  in  APG  flow  at  two- 
spike  stage  (a)  and  in  Blasius  flow  (b)  at  three- 
spike  stage,  z  =  0. 
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As  was  clearly  shown  in  [10]  for  the 
Blasius  case,  every  spike  (and  low-speed  spot) 
corresponds  to  a  ring-like  vortex  detached  from 
the  A- vortex  ‘tip’.  The  ring-like  vortex  shape 
measured  in  [10]  is  presented  in  Fig.  10 b  in 
(y,z)-plane  by  means  of  iso-lines  of 
gradient 

\grad[u(y,  z)]|  =  ^[d(U +u)/ dy]2  +  [d(U +u)/ dz]2 

of  the  instantaneous  total  streamwise  velocity 
in  this  plane.  The  picture  corresponds  to  a  time 
instant  of  the  first  spike.  Very  similar  ring-like 
vortices  turned  out  to  exist  in  APG  case 
(Fig.  10 a).  The  spatial  shape  of  the  vortex  is  al¬ 
most  circular  in  both  flows  and  the  scale  is  al¬ 
most  the  same.  The  vortex  diameter  is  about  3 
mm  that  is  close  to  the  boundary  layer  thick¬ 
ness. 

6.  Conclusions 

A  detailed  experimental  study  of  late  nonlinear  stages  of  transition,  initiated  in  an  APG 
boundary  layer  by  a  harmonic  TS-wave,  has  been  performed.  Formation  of  A-vortices,  A- 
shaped  3D  high-shear  layers,  ring-like  vortices,  and  spikes  is  found.  All  these  structures  are 
shown  to  be  very  similar  to  those  found  in  previous  experiments  and  DNS  in 
the  Blasius  boundary  layer.  This  result  corroborates  the  idea  discussed  in  [6]  about  existence  of 
a  universal  mechanism  of  turbulence  production  in  different  wall  bounded  shear  flows. 

This  work  is  supported  by  Russian  Foundation  for  Basic  Research  (grant  No.  00-01- 
00835). 
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Fig.  10.  Ring- like  vortices  at  multi-spike  stages. 
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